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 Abstract 
There has been a consistent growth in research involving imaging of microvasculature over the past 
few decades. By 2008, publications mentioning the microcirculation had grown more than 2000 per 
annum.  Many techniques have been demonstrated for measurement of the microcirculation ranging 
from the earliest invasive techniques to the present high speed, high resolution non-invasive 
imaging techniques. Understanding the microvasculature is vital in tackling fundamental research 
questions as well as to understand effects of disease progression on the physiological wellbeing of 
an individual. We have previously provided a wide ranging review [38] covering most of the 
available techniques and their applications.  In this review, we discuss the recent advances made 
and applications in the field of microcirculation imaging. 
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List of Abbreviations 
 
SNRs - signal to noise ratios 
CT – Computed tomography 
PSF – Point spread function 
CBF – Cerebral blood flow 
SMC - Smooth muscle cells 
OCT - Optical coherence tomography 
PO2 - Partial pressure of oxygen 
µCBF - microvascular cerebral blood flow  
STED - Stimulated emission depletion microscopy 
SSADA - Split spectrum amplitude decorrelation angiography 
SV - Speckle variance 
OMAG - Optical microangiography 
UHS-OMAG - Ultrahigh sensitive OMAG  
mOMAG – Binary mask OMAG 
SC - Stratum corneum  
VE - Viable epidermis  
PD - Papillary dermis  
RD - Reticular dermis  
DOAMG – Doppler OMAG 
RBC – Red blood cells 
IS/OS – Inner segment/ outer segment 
RPE – Retinal pigment epithelium 
sO2 - Haemoglobin oxygen saturation  
STFT - Short-time inverse Fourier transform 
DLS – OCT – Dynamic light scattering OCT 
IM - Intracellular motility 
HSI - Hyperspectral imaging 
LSCI - Laser speckle contrast  
LDPI - Laser Doppler perfusion imaging 
SDFI - Sidestream dark field imaging 
IDFI – Incident dark field imaging 
CCD – Charge coupled device 
LED – Light emitting diode 
DCS – Diffuse correlation spectroscopy 
NIR – Near infrared light 
CMRO2 - Cerebral metabolic rate for oxygen 
fNIRS - Functional near infrared spectroscopy  
CWS - Continuous wave spectroscopy 
CBV – Cerebral blood flow volume 
rCBF - relative CBF  
rCMRO2 - relative CMRO2 
PAI - Photoacoustic imaging 
 
 
 
 
 
 
 
 
 
 
 
 
 1. Introduction 
Microcirculation is the movement of blood through the circulatory system of an organism comprising 
of arterioles, capillaries, venules and lymphatics.  The microvasculature is considered to begin where 
the smallest arteries deliver blood to the capillaries and to end where the blood is collected in the 
venules. Typically, the term ‘micro’ refers to objects (diameters in this case) smaller than 100 µm, so 
perhaps the simplest definition is that it includes all vessels less than 100 µm. The primary functions of 
the microcirculation include the regulation of blood pressure and tissue perfusion, regulation of vascular 
resistance, maintaining hydrostatic pressure at the capillary level, transfer of metabolites and gases and 
thermoregulation.  The vast majority of exchange and interaction with the cells of the body occurs at 
the microcirculatory level where the ~17,000 km of vessels pass within 65 µm (figure 1(a)) of every 
healthy living cell [13]. The need for living cells to exist in close proximity to the microcirculation is 
exquisitely displayed in the corrosion castings of the human fingertip recently reported by Flahavan as 
shown in figure 1(b-d) [50].  
Over the years there has been a tremendous increase in microcirculation based research owing to the 
significant role it plays in maintaining the healthy physiological state of an organ and also in addressing 
the fundamental research questions pertaining to angiogenesis, neovascularization, neurovascular 
coupling and in the effectiveness of drugs for a given treatment. Figure 2(a) shows the percentage 
increase in number of research articles published based on microcirculation over the past years. There 
has been a steady increase in microcirculation based research output over the years with a high 
publication rate in the field of medical sciences. One can see the impact of the availability of video 
recording technology in the late 1960s and laser Doppler based equipment from the 1980s. We can also 
see that the technology development, indicated by publications in the physical science journals 
experiencing a surge since 2008. This is likely to reflect rapid developments of 3D microcirculation 
imaging technology. Figure 2(b) shows the number of research articles published based on the search 
term ‘microcirculation imaging’. 
 
 Fig 1 (a) Graph showing the frequency of living cells as a function of distance from the nearest microcirculatory blood 
vessel, λ - measure of the shape of the spaces between vessels [13]. (b-d) Corrosion casting of the human fingertip reported 
by Flahavan showing (b) capillary loops on the palmar surface that follow the finger ridge pattern (c) capillary loops on the 
dorsal surface of the finger (d) Scanning electron micrograph of corrosion cast from a human finger (inset) superimposed 
onto the photograph of a human finger- tip showing the ridges [50]. 
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   Currently available techniques for measurement of the microcirculation can be broadly divided into 
invasive and non-invasive modalities [5, 38]. Within the non-invasive imaging techniques, sound and 
light based imaging techniques are able to provide high resolution, clinically relevant information 
without disturbing the sample. Figure 3(a) shows the major non-invasive imaging modalities in terms 
of resolution and sampling depth. 
.  
 
(a) 
Fig 2 (a) Graph showing the percentage increase in number of publications over the years using the search term 
‘microcirculation’ (Source: Scopus) Blue axis: showing publications for all scientific fields Green axis: 
publications in the field of physical sciences. (b) Graph depicting the number of papers published using the 
search term ‘microcirculation imaging’ (Source: Scopus). 
 
                (b) 
 
Figure 3(b) indicates that for all imaging modalities, the depth of penetration within the tissue is 
inversely proportional to the voxel size in a 3-D volume. This is due to the attenuation of light/sound 
waves coming back from deeper regions within the sample thereby increasing the voxel size to collect 
sufficient detectable signals from deeper regions. This is likely due to the fact that signal to noise ratios 
(SNRs) are intrinsically proportional to the voxel volume or cube of spatial resolution (assuming its 
isotropic). This has been well established in field’s such as XRay CT and ultrasound [51, 112, 9, 19]. 
In a noise limited scenario, the point spread function (PSF) which is described as the response of an 
imaging system to a point source input is dependent on its SNR. The measured PSF is related to the 
standard deviation (uncertainty) of n measurements and this is proportional to √n and hence local 
fluence (F) ΔV, where ΔV is the resolved volume [12]. 
    Daly et al. [38] described the various invasive and non-invasive techniques of microcirculation 
measurement and their applications in detail. This paper is intended to give an updated review of recent 
developments in the field of microcirculation imaging using optical techniques. The first section 
provides an updated review of microcirculation imaging using optical techniques. The optical imaging 
modalities for measurement of the microcirculation can be broadly divided into superficial imaging 
techniques, sub-surface imaging techniques and deep tissue imaging techniques. Superficial imaging 
techniques include the capillaroscopy, confocal microscopy, two photon imaging and stimulated 
emission depletion microscopy. The sub-surface imaging techniques consist of optical coherence 
tomography, hyperspectral imaging, side stream dark field imaging and incident dark field imaging. 
The deep tissue imaging techniques described include diffusion correlation spectroscopy, functional 
near infrared spectroscopy and photoacoustic tomography. Some of these imaging techniques which 
Fig 3. Illustration of various imaging modalities in terms of resolutions vs depth.  (a) The distribution of imaging 
techniques as we used to discuss them. (b) The distribution of imaging techniques indicating an inverse relationship 
between imaging depth and voxel size. 
has not been covered in the earlier review [38] have been described in detail. The second section 
describes the recent applications of optical imaging techniques in understanding cerebral 
haemodynamics. 
2 Review of microcirculation imaging methods 
 
2.1 Superficial imaging techniques 
2.1.1 Video capillaroscopy 
Video capillaroscopy is a simple and inexpensive imaging technique mainly used to study the 
morphology of superficial capillary structures within the first few micro meters from the skin 
surface. This technique uses white /green light source to illuminate the tissue of interest through a 
high numerical aperture objective lens. Light backscattered from the tissue is collected by the 
objective lens and an image is formed on the CCD camera.  Illuminating the tissue with green light 
which is the isobestic point of the absorption spectra of deoxy- and oxy-haemoglobin instead of 
conventional white light results in images with better sensitivity [6]. A recent study has confirmed 
this [144]. Recent capillaroscopy instruments such as the Capiscope (KK Technology) are 
equipped with epi-illumination that produces high contrast images with reduced blood cell 
blurring. Video capillaroscopy has been used to study micro-angiopathologies occurring in the 
nailfold in many diseases such as Raynaud’s phenomenon, systemic sclerosis, scleroderma and 
connective tissue diseases [35, 59]. Figure 4 shows the schematic of the set up and typical image 
obtained from the instrument. 
 
Fig. 4 (top) Schematic of video capillaroscopy set up, (bottom) Capillary images obtained from green light and white light 
illumination respectively [144]. 
 
 2.1.2 Confocal microscopy and two photon imaging 
 
Confocal microscopy is a high resolution, high contrast 3-D imaging technique that can image upto a 
depth of 200 µm in vivo mainly from the epidermis and superficial layer of dermis [145]. The principle 
of confocal imaging was developed by Marvin Minsky in 1955 [145]. In this technique, a small spot 
within the tissue is illuminated by a highly focussed excitation beam. However, unlike conventional 
microscopy the reflected light from the focal spot within the tissue is projected through a pinhole 
aperture onto a light detector. The use of pinhole aperture allows only the focused light from the spot 
to pass through and completely eliminates the scattered light. Confocal microscopy uses reflected light 
or fluorescent light from the tissue for imaging. In order to create a 2-D image, the focal spot is scanned 
across the surface of the sample [38, 145]. Fluorescence confocal microscopy uses fluorescent dyes of 
fluorophores within the sample that fluoresce when stimulated by the excitation light. Fluorescence 
confocal microscopy has better sensitivity and specificity compared to reflection confocal microscopy. 
Figure 5(a) shows the schematic of confocal microscope. 
 
(a) 
 
 
                                                 (b)                                                      (c) 
Fig 5 (a) Schematic of confocal microscopy imaging [145]. (b) Reflectance confocal images of a dermal melanoma lesion 
showing the presence of several pagetoid cells (arrows) (c) Presence of cerebriform nests (arrows) and increased 
vascularization (asterisks) [109]. 
Excitation 
light 
Confocal microscopy has been used to study the principles of vessel regression [53], erythrocyte 
properties [116], detecting skin lesions in oncology [109] and in studying the effect of glutamic acid on 
the blood- brain barrier and the neurovascular unit in glutaric acidemia I [70]. It has also been used to 
quantify capillary cell blood flow [30] and in evaluating cutaneous microcirculation and dermal changes 
in systemic sclerosis [135]. Figure 5(b) and 5(c) shows the reflectance confocal images of a dermal 
melanoma lesion showing increased vascularization. 
Two photon microscopy invented by Denk and co-workers provides an imaging depth of 1 mm in vivo 
in tissues. It is based on the simultaneous absorption of two infrared photons by a fluorophore causing 
it to fluoresce. Tight focussing brought about by near-simultaneous absorption of photons causes the 
out-of-focus fluorescent light to be eliminated without the use of a pin hole as used in confocal 
microscopy. As the probability of near-simultaneous absorption is low, this technique requires the use 
of femtosecond lasers with short pulse duration for excitation [107]. Since it uses near infrared light, it 
has much deeper penetration within the tissue compared to confocal microscopy. Schematic of two 
photon microscopy is shown in figure 6. 
 
Fig 6 Schematic of two photon microscopy system [107]. 
Two photon microscopy is used in rodent cerebrovascular analysis and neuro-coupling studies [37, 65, 
47, 60, 61], cancer research [95], microvasculature [69, 140] and drug delivery [80]. A recent study by 
Sakadžić et al. [115] addresses the question of how the organization and morphology of cerebral 
microvasculature can provide for adequate tissue oxygenation during different metabolic activity levels. 
To address this challenge, they developed a multi-modal microscopy imaging setup based on Two-
Photon Microscopy and Doppler-optical coherence tomography (OCT) to map partial pressure of 
oxygen (PO2) and CBF respectively.  Figure 7(a) shows the schematic of their experimental set up. 
They measured PO2 distribution in the microvascular segments of primary somatosensory cortex down 
to a cortical depth of 450 μm through a sealed cranial window in mice models kept under normoxic 
normocapnic and mild hypercapnic conditions.  
 
 
 
Their results indicate that at baseline activities, arterioles extract 50% O2 and the remaining 
O2 exchange takes place at the first few capillary branches while most of the higher branching order 
capillaries release little O2 at rest and these capillaries act as dynamic O2 reserve to meet higher 
oxygenation demands during increased neuronal activity or decreased blood flow. Figure 7(b) and 7(c) 
shows images of cerebral microvasculature obtained from their experiments during normocapnia and 
hypercapnia respectively. Another study discusses the reconstruction of microvascular cerebral blood 
flow (µCBF) distributions using combined two photon microscopy and Doppler OCT [55]. In this 
paper, the authors investigate the reconstruction of µCBF in a truncated cortical angiogram by 
combining two photon microscopy and Doppler OCT in a mouse cortex down to 660 µm. In this 
technique the vasculature is represented as a graph consisting of nodes joined by vessel segments and 
the flow in each segment is computed according to Poiseuille’s law. It is shown that integrating DOCT 
measurements along with two photon microscopy measurements greatly improves the accuracy of flow 
computation. 
2.1.3 Stimulated emission depletion microscopy 
Stimulated emission depletion microscopy (STED) introduced by Stefan W. Hell and Jan Wichmann in 
1994 is one of several super resolution based microscopy imaging technique that overcomes the 
diffraction limits of microscopy enabling high spatial resolution of 20 nm and axial resolution 50 nm. 
STED is described briefly in [38]. It has been used to image live brain slices [24]. Apart from STED, 
Fig. 7 (a) Schematic of the experimental set up: Two-photon microscope (TPM), microscope objective (MO), D1 and D2-dichroic 
mirrors, electro-optic modulator (EOM). (b) image showing cerebral microvasculature and oxygenation during normocapnia (c) 
image showing cerebral microvasculature and oxygenation during hypercapnia [115] Scale bar – 200 µm. 
various other super resolution microscopy techniques have been developed and used for cellular 
imaging studies [33]. 
2.2 Sub surface imaging techniques 
 
    2.2.1 Optical coherence tomography (OCT) 
OCT is a 3-D tomographic imaging technique that provides high spatial and axial resolution (µm) over 
a depth of few millimetres (1-3 mm) for in vivo imaging. Similar to the above described techniques, 
OCT detects ballistic photons that are backscattered from various depths within the sample by utilizing 
coherence gating. Review of OCT theory and working principle can be found in [38]. One of the major 
advantages of OCT is that it provides both morphological and functional information (angiography) 
from the same data set. Most of these applications and techniques are described in [38]. Development 
of Fourier domain OCT’s has enabled high speed acquisition of OCT angiograms with improved 
sensitivity and higher SNR and higher axial resolution [2].  In a recent paper, Choi et al. has shown 
imaging through a mice brain upto a depth of 2.3 mm [26].  
             OCT angiographic techniques utilize inter frame speckle decorrelation algorithms to detect 
blood flow. OCT angiographic algorithms are either amplitude based or phase based [94]. These include 
speckle variance, correlation mapping, optical microangiography, phase variance and Doppler OCT 
methods. Apart from these techniques, recently split spectrum amplitude decorrelation angiographic 
(SSADA) technique has been developed [73, 75] to image human macula (Figure 8) and optic nerve 
head which shows improved SNR to flow detection compared to other amplitude based angiographic 
algorithms. In this technique, in order to improve the sensitivity to flow in transverse direction and 
reduce sensitivity in the axial direction which is dominated by pulsatile motion in the fundus, axial 
resolution of the OCT voxel is broadened by creating an isotropic voxel. Attempts have been made to 
quantify blood flow velocity using SSADA [73, 131]. SSADA algorithm have been used in 
angiographic studies aimed at evaluating treatment approaches to choroidal neovascularization [128], 
for visualizing superficial and deep vascular networks of retinal vasculature [108, 117], in comparative 
studies evaluating angiographic changes in diabetic retinopathy using fluorescein angiography [71] and 
to study optic disc perfusion in glaucoma. SSADA has also been used to obtain quantitative parameters 
to detect neovascularization and in quantifying ischemia in diabetic retinopathy and in age related 
macular degeneration by determining flow index and vessel density [74, 131].  Speckle variance (SV) 
and optical microangiography (OMAG) algorithms as discussed in [38] have also been used to quantify 
retinal capillary vessel density with results comparable to histology [3, 4, 21, 66, 84, 147, 164].  Phase 
based phase variance technique has also been used to image the vasculature in the chorioretinal complex 
[110]. Choi et al. [28] has described a technique for imaging skin microvasculature using ultrahigh 
sensitive OMAG (UHS-OMAG) combined with a binary correlation mask image (mOMAG). In this 
technique, in order to improve the flow contrast of the angiogram, a binary mask of cmOCT mapping 
algorithm is applied over the UHS-OMAG image. This reduces the effect of static signals on the 
resulting OHS-OMAG angiogram images. mOMAG was able to detect several cutaneous layers such 
as stratum corneum (SC), viable epidermis (VE), papillary dermis (PD), and reticular dermis (RD) of 
the palmar skin. mOMAG is shown to be able to image upto 588 μm below the surface showing clearly 
the RD and the superficial plexus with its dense capillary network. In another study mOMAG has been 
used to image the microcirculation of a health human finger [11, 27, 123]. The system used a high speed 
swept source OCT system with centre wavelength at 1300 nm operating at 100 kHz. They were able to 
detect vessels upto a depth of 1380 µm showing the upper horizontal plexus that supports the dermal 
papillary loops and lower horizontal plexus at the dermal-subcutaneous junction. To quantify the blood 
flow velocity, OMAG has been combined with Doppler OCT to form DOAMG [124, 125]. RBC axial 
velocities ranging from 0.9 mm/s and 0.3 mm/s have been achieved by this technique. This technique 
has been utilized in mapping RBC velocities in capillaries of human finger cuticle [11]. OMAG has 
also been used to assess cutaneous wound healing process and to study acne lesion development and 
scarring on human facial skin [10, 155]. In another study cube correlation mapping optical coherence 
tomography (cube-cmOCT) have been demonstrated to map blood vessels and is shown to have 
improved SNR [2]. 
        OCT angiographic techniques, both phase based and amplitude based algorithms are prone to 
projection artefacts [159]. These projection artefacts also called as shadow artefacts or tailing artefact 
causes the appearance of vessel like structures in areas which are devoid of blood flow and also 
elongation of blood vessels in the structural image. These artefacts arises mainly due to 1) the forward 
scattering of photons by RBC in the blood vessels inducing large variations in amplitude and phase of 
OCT signals that are collected by coherence gating along the entire depth of the tissue considered 2) 
changes in their path length after multiple scattering within blood vessels causing the blood vessels to 
appear elongated. These artefacts are more prominent in retinal angiographic images where there are 
high reflecting layers below the vessels as in IS/OS and RPE layers. Zhang et al. in their recent paper 
has suggested intensity based logarithmic scaling approach to reduce this artefact [159].   
       OCT has also been used to measure hemoglobin oxygen saturation (sO2) in the microvasculature 
[29, 154]. Assessing sO2 is essential for proper assessment of tissue functionality and plays an important 
role in ensuring adequate blood supply meeting the tissue oxygen demand. sO2 measurement using OCT 
utilizes Fourier domain OCT. Super continuum laser is used to provide broadband illumination in the 
visible range and a spectrometer is used to collect interference spectrum from 520 nm to 630 nm. Unlike 
the other OCT angiographic techniques, in this technique wavelength-dependent B-scan images are 
obtained by a short-time inverse Fourier transform (STFT). To quantify sO2 from oxygenated and 
deoxygenated Hb, angiographic images centred at four wavelengths 562.8 nm, 566.9 nm, 571.0 nm, 
and 575.3 nm were used based on their distinct extinction spectra [154]. 
            There has been a growing interest in label free imaging of cerebral capillaries to detect changes 
in CBF. In a recent paper, Lee et al. [88] discusses a method to quantify RBC speed and flux using 
commercial SD-OCT on a rat cerebral cortex. The system had a centre wavelength of 1300 nm and 
transverse resolution of 7µm for a 5X objective. In an another study by Lee et al. [89], DLS-OCT was 
used to quantify CBF using the same OCT system described above but with an axial resolution of 3.5 
µm. Unlike Doppler OCT, DLS–OCT is able to measure both transverse and axial flow velocities of 
CBF. The theory of DLS-OCT can be found in [87]. Since DLS-OCT is able to discriminate between 
diffusive and translational motion, it can be used to simultaneously image CBF and intracellular motility 
(IM). Experiments to study IM were carried out using a 40X objective lens providing a transverse 
resolution of 0.9 µm. Such high transverse resolution enabled the visualization of neuronal cell bodies 
in the minimum intensity projection image. Figure 9 (a) and 9(b) shows DLS-OCT mapping of CBF 
maps using a 5X objective and DLS-OCT imaging of IM using a 40X objective. 
 
     Fig 8 En face OCT image of the macula showing blood vessels after SSADA algorithm [75]  
 
 
(a) 
 
(b) 
Fig 9 (a) DLS-OCT map of CBF using 5X objective (b) DLS-OCT map of intracellular motility using 40X objective. BF- blood flow, IM- 
intracellular motility and VW- vessel wall. MinIP- minimum intensity projection, white corresponds to spatial correlation between the 
positions of neuronal cell bodies in MinIP images and neuronal IM in DLS-OCT images, Scale bar – 200 µm [89]. 
2.2.2 Hyper spectral imaging 
 
Hyperspectral imaging (HSI) or imaging spectrometer originally introduced in remote sensing has 
become an emerging medical imaging technology over the past years [20, 97]. HSI is a hybrid imaging 
modality that combines spatial information together with spectroscopic measurements. HSI imaging 
technique consists of light source (visible, near-infrared or mid infra-red sources), dispersion elements 
(such as prism, grating) and spatial detectors (hyper spectral camera). Working principle of HSI is 
shown in Fig. 10. Light from the light source is used to illuminate the sample. The diffused reflected 
light from the sample is then passed through a collimator before getting dispersed by a grating element 
and focussed onto spatial detector. Thus at each spatial location, the camera registers the spectral 
signature at that site. Two dimensional images in HSI can be acquired either by spatial scanning or 
spectral scanning approach. In spatial scanning approach, 2-D images are created by scanning the 
sample and creating a hypercube with two spatial dimensions and one spectral dimension [20, 97]. In 
spectral approach, the whole sample is captured using 2-D detectors at each wavelength to form a 
hypercube. HSI devices mainly operate in the region of the electromagnetic spectrum called ‘therapeutic 
window’ (600 – 1300 nm), so that light can penetrate deeper into the tissues. Hypercube data over a 
large number of wavelengths (tens to hundreds) having spectral resolution of 2 nm can be obtained 
using HSI. Compared to spectroscopy which is point measurement technique, HSI provides two 
dimensional spectroscopic mapping which has clinical applications in microcirculation assessment and 
in detecting the tissue metabolic environment in tumour cells. Detailed review and application of HSI 
is given in [20, 97]. Combination of HSI and first pass fluorescence imaging has been used to study 
tumour blood flow and microvessel oxygenation in real time in nude mice [86, 100]. HSI is also used 
to study oxygen saturation in retinal vasculature and changes in skin microcirculation in response to 
varying doses of ionizing radiation [25, 49, 78, 103].  In a recent paper, an algorithm for mapping 
cutaneous tissue oxygen saturation has been developed [103]. In order to monitor rapid changes in 
vascular dynamics, snap shot multispectral imaging system has been reported recently [62]. HSI has 
also been combined with endoscopic system for real-time mapping of the mucosa blood supply in the 
lung [46]. In a recent study, polarization sensitive hyperspectral imaging was used to study the spatial 
distribution of melanin and hemoglobin oxygenation in skin lesions [134]. Polarisation HSI was able to 
separate superficial melanin so that oxy and deoxy-haemoglobin distribution from the deeper layers 
could be assessed.  
 Fig 10 Working principle of hyper spectral imaging [97]. 
 
2.2.3 Laser speckle contrast (LSCI) and Laser Doppler perfusion imaging(LDPI) 
Laser speckle and Laser Doppler imaging have been discussed previously [38]. Recent applications of 
these techniques are discussed here. LSCI has been used to evaluate microcirculation in the lower 
extremities of ulcer patients and also to evaluate penile microvascular reactivity [102, 136]. LDPI has 
been used to study cutaneous microcirculation in psoriatic plaques during treatment [63]. LDPI has also 
demonstrated heterogeneity in perfusion within homogenous-looking plaques in psoriasis [64]. In a 
recent paper, relative index of blood perfusion obtained from different parts of the body using LDPI 
have been compared [72].  
 
2.2.4 Sidestream dark field (SDF) and incident dark field (IDF) imaging 
SDF techniques consists of an illumination unit used to illuminate the tissue at 530 nm, central light 
guide unit with lens system and an imaging module with CCD camera [56]. The illumination unit 
consists of concentrically placed LED’s surrounding the central light guide unit. In order to overcome 
blurring of images due to movement of RBC’s, SDF imaging uses LED’s with pulsed illumination 
synchronized with CCD frame rate and provides stroboscopic illumination [56]. SDF provides 
visualization of microcirculation at the cellular level, however the maximum measurable flow velocities 
are limited by the frame rate of the camera (e.g. ~1 mm/s at 30 frames per second). It has been used to 
image nail fold capillaries, to study buccal and cutaneous microcirculation, as an adjunct to clinical free 
flap monitoring and to evaluate labial capillary density as a marker of coronary artery disease in diabetes 
[14, 36, 40, 96]. To enhance the dynamic range of RBC flow velocities, SDF has been combined with 
LSCI (Laser speckle contrast imaging) for in-vivo imaging [96]. Similar to SDF, another technique 
based on oblique profiled epi-illumination imaging has been used to study sublingual microcirculation 
in patients with pulmonary arterial hypertension [36]. Incident dark field imaging (IDF) which is the 
successor of SDF uses incident dark field imaging. Details of Cytocam-IDF imaging system is given in 
[8].  
IDF imaging is shown to better quantify (by 30%) micro-vessels compared to SDF in sublingual mucosa 
[133]. Schematic of SDF and IDF imaging is shown in Figure 11(a).  Figure 11(b) shows comparison 
between SDF and IDF images obtained from the upper arm of preterm neonates. Also IDF images have 
improved contrast and image sharpness. In another study evaluating the transcutaneous microcirculation 
in the upper arm of neonates, IDF technique was able to visualize smaller vessels compared to SDF. 
Also IDF was able to detect 20 % more vessels compared to SDF device [90].  
 
(a) 
 
(b) 
Fig 11 (a) Schematic of SDF and IDF imaging (b) Microcirculation image of upper inner arm of preterm neonates obtained 
from SDF imaging (MicroScan) and IDF imaging (CytoCam) [133] 
2.3 Deep tissue imaging techniques 
2.3.1 Diffuse correlation spectroscopy (DCS) 
Diffuse correlation spectroscopy (DCS) is a dynamic scattering method based on the temporal 
variations of multiple scattered near-infrared (NIR) light [42]. When light undergoes multiple scattering 
in a thick medium, at each scattering event, its phase is changed. Detection of these multiple scattered 
light fields creates a speckle pattern that varies over time. Figure 12 shows the temporal evolution of 
speckle intensity over time detected by a 2 D photon counting camera. As RBC’s are the major scatterers 
within the microvasculature, the fluctuations in speckle pattern primarily indicate movement of RBC’s 
and hence gives a measure of perfusion. DCS is a variant of dynamic light scattering (DLS) which 
measures the temporal autocorrelation function of single scattering photons.  Similar to DLS, DCS 
measures the normalized intensity autocorrelation function 𝑔2 given by Eq. 1 [41].  
                                        𝑔2(𝑟, 𝜏) = 𝐼(𝑟, 𝑡)𝐼(𝑟, 𝑡 + 𝜏)/< 𝐼 (𝑟, 𝑡) > 
2                                    (1) 
where I (r,t) is the intensity at time t and position r and 𝜏 is the correlation time.  Blood flow index 
(BFI) is obtained by finding the mean squared displacenment of the particles using a Brownian motion 
model. The measured BFI has the unit cm/s2.  As DCS uses light in NIR region, wherein tissue 
absorption is relatively low, photons are able to penetrate more than 1 cm deep into tissue.  
 
 
 
 
 DCS was first used for cerebral blood flow measurements during motor stimuli in human brain through 
an intact skull [43]. In these studies, CBF changes measured from BFI were observed from the 
somatosensory cortex, visual cortex and frontal lobes in response to finger-tapping stimulus, visual 
stimulus and verbal fluence stimulations tasks respectively. The penetration depth of NIR light in DCS 
experiments depends on the source to detector separation on the tissue surface. Hence, for larger depths 
of penetration, the source and the detector should be placed far apart, which is not possible as the 
detected light decreases for large source detector separations. As DCS measures single speckle 
fluctuations over time, the largest optimum source detector separation achieved using a single-mode 
detection fibre and multimode source fibre on adult human head was found to be ~ 3 cm [42]. Parallel 
detection of speckle intensity fluctuations using fibre bundle and multichannel autocorrelators have 
been proposed by Dietsche et al. [39]. Parallel detection of intensity fluctuations have lead to improved 
SNR by a factor of  √𝑁 where N is the number of single mode detection fibres within a fibre bundle. 
Numerous studies have reported the application of DCS to detect regulation of CBF in ischemic stroke 
patients [34, 165], patients with traumatic brain injury and sub-arachnoid damage [106]. In conjunction 
with near infrared spectroscopy, it has also been used to assess cerebral metabolic rate for oxygen 
(CMRO2) of neonates with severe congenital heart defects [43] and to study the variation of in new 
born infants [113].  
 
 
Fig 12 Temporal fluctuation of speckle over time [41]. 
2.3.2 Functional near infrared spectroscopy (fNIRS) 
The application of NIRS in biological tissue was first demonstrated by Jöbsis in 1977 when he studied 
the feasibility of detecting oxygenation changes in adult brain during hyperventilation [76]. In 1985, 
the first clinical studies using NIRS on newborns were reported [22]. NIRS uses light waves within the 
optical window of biological tissues, i.e. 650-1400 nm. Within this window, biological tissue is 
relatively transparent and absorption by haemoglobin (Hb), oxy-haemoglobin and deoxy-haemoglobin 
dominates over scattering. The basic principle of fNIRS is that the differences in the absorption spectra 
of oxy-Hb and deoxy-Hb at two or more wavelengths within the spectral window can be used to measure 
the relative changes in oxy-Hb concentration. This effect has been exploited in pulse oximeters. The 
first fNIRS measurements were reported independently by groups Chance et al. and Villringer et al. in 
1992 [22, 136]. The development and history of fNIRS spectroscopy can be found in [48, 120, 138]. 
Currently, there are three different variants of NIRS, namely continuous wave spectroscopy (CWS), 
time of flight spectroscopy and frequency domain spectroscopy [138]. CWS uses an NIR light source 
to illuminate the sample and the change in intensities of the diffusely reflected light collected from the 
sample is analysed.  Since, its introduction CWS has been used to study cerebral haemodynamics due 
to neurovascular coupling. Together with fMRI, fNIRS has been used to provide cerebral blood 
oxygenation changes during stimulation of the human brain. The first such study described the changes 
in blood oxygenation in the cortical region due to functional activation of sensory motor cortex during 
a unilateral finger opposition task [81]. 
     In fNIRS, the intensity changes of the backscattered light from the sample are quantified to detect 
the chromophore concentrations using modified Beer-Lambert law given by Eq. 2 that gives the 
relationship between the extent of light attenuation within tissue and the concentrations of the 
chromophores (c in mM ) [17, 79]. If tissue chromophores considered are oxy - Hb and deoxy - Hb, 
then according to modified Beer-Lambert law, 
− log ( 
𝐼(𝜆,𝑡)
𝐼0(𝜆,𝑡)
) =∈𝑜𝑥𝑦 (𝜆)𝐶𝑜𝑥𝑦(𝑡)𝑑 +∈𝑑𝑒𝑜𝑥𝑦 (𝜆)𝐶𝑑𝑒𝑜𝑥𝑦(𝑡)𝑑 + 𝑎(𝜆, 𝑡)                          (2) 
where 𝐼(𝜆, 𝑡) is the incident light of wavelength λ at time 𝑡 , 𝐼0(𝜆, 𝑡)is the diffusely reflected light, ∈ is 
the molar absorbances of each of the chromophores (mm/ mM), d is the optical path (mm) that the light 
travels within the tissue and ‘a’ is the term that includes the absorption and scattering effects due to 
other chromophores within the probed tissue. From Eq. 2, the changes in total Hb content can be found. 
The measured changes in oxy- Hb and deoxy- Hb are dependent on the path length of light travelled in 
the tissue. This causes significant problem for comparison across subjects and also the path length varies 
depending on factors such as source to detector separation and underlying tissue morphology. This is a 
limiting factor of CWS while frequency domain and time of flight spectroscopy variants of NIRS allows 
the determination of path lengths. CWS is preferred over frequency domain and time of flight 
spectroscopy as these techniques are much sophisticated and expensive. Another method to enable path 
length independent measurement is to use dual wavelength spectroscopic measurements. There has 
been a lot of research into selecting the optimum wavelengths based on theoretical and experimental 
approaches. Yamashita et al. [149] showed that wavelength pair 664 nm and 830 nm are optimum for 
oxy- deoxy -Hb measurement than 780 nm and 830 nm. Funane et al. [54] from his theoretical studies 
reported that maximum SNR is obtained when both ends of the range of 659–900 nm were used. Correia 
et al. [32] reported that optimum wavelength pair to be used is 704 ± 7 and 887 ± 12 nm. There have 
also been studies using three and four wavelength sources by considering lipid and water as additional 
chromophores [31, 166] and it was found that 782, 832 and 884 nm are optimal for three wavelength 
sources, and that 786, 807, 850 and 889 nm are optimal for four wavelength sources. Numerous 
algorithms have been developed to improve the signal processing of the acquired fNIRS spectra and 
also to separate them into neuronal and systemic parts using mathematical modelling [68, 119, 120, 
148, 156, 158].  
    The applications of fNIRS to study cerebral haemodynamics have been reviewed in the past and has 
been mainly used to study neurovascular coupling and rate of oxygen consumption in the brain 
(CMRO2) and in brain computer interfacing [129]. In a study conducted by Franceschini et al. on evoked  
somatosensory potentials [52] combining diffuse optical imaging and EEG, it has been shown that 
evoked haemoglobin response is driven by the cortical synaptic activity and not by direct thalamic input. 
To measure CMRO2 indiectly from fNIRS, Windkessel model was used to relate changes in dynamic 
blood volume to the changes in cerebral blood flow using wavelength 682 nm and 830 nm [16]. To 
reduce motion artefacts and improve the optode-scalp coupling, miniaturized optical fibre probes with 
tips fixed to the scalp using collodion have recently been developed [156]. fNIRS have been used to 
monitor CBF changes during epileptic seizures [1, 126, 143]. In a recent paper, Roche-Labarbe et al. 
[114] measured oxy- and deoxy-hemoglobin concentrations, CBV, relative CBF (rCBF) and relative 
CMRO2 (rCMRO2) changes in the somatosensory cortex of preterm neonates during passive tactile 
stimulation of the hand by combining DCS, frequency-domain near-infrared and CWS. This study is 
the first to report local rCBF and rCMRO2 during functional activation in preterm infants. They 
observed that blood flow increased immediately after the onset of stimulus and returned to baseline 
prior to Hb concentration, oxygenation, and blood volume suggesting higher compliance of veins 
relative to arterioles. Recently fNIRS has been used to evaluate haemodynamic response to innocuous 
and a noxious electrical stimulus on healthy human subjects and discusses its potential utility to measure 
pain [157]. 
 
 
 
 
 
 
 
 2.3.3 Photoacoustic tomography and microscopy 
In photoacoustic imaging (PAI), light pulses are used to generate ultrasound waves within the tissue 
produced by the optical absorption of chromophores. In PAI, nano second pulses (NIR) are 
delivered onto the tissue of interest, where in, it is locally absorbed by tissue chromophores and is 
converted to heat. This generated heat causes the generation of pressure waves by thermoelastic 
expansion and the pressure waves propagate as ultrasound/ photoacustic waves which can be 
detected by an ultrasound transducer. As PAI uses NIR light, it can penetrate several centimetres 
within the tissue and provide map of vasculature from the haemoglobin oxygen saturation in blood. 
Moreover, PAI generates high contrast vasculature map as it is based on intrinsic tissue 
chromophore absorption and is free from speckles that degrade image quality in OCT and 
ultrasound imaging modalities. Briefly the theory and working of PAI has been reviewed in [38]. 
PAI has been widely used in vascular imaging.  PAI is mainly of 2 types: Photoacoustic tomography 
(PAT) and photoacoustic microscopy (PAM) [132, 146].  
          PAT provides spatial resolution of 0.1mm to 1 mm and an axial resolution of 1 mm depending 
on the bandwidth of the ultrasound detector used and the light pulse duration respectively. PAT is 
shown to be capable of imaging upto 5 mm in biological tissue [132]. PAT generally uses low 
frequency ultrasound transducers < 10 MHz to image depths greater than 1 cm. 
Although high frequency ultrasound transducer probes offer finer lateral resolution, they provide 
shallower imaging depths as they are attenuated faster compared to low frequency probes. Apart 
from visualizing vasculature, PAT has also been used to quantify blood flow. To quantify blood 
flow, Doppler shift of the photacoustic modulation has been explored similar to spectral ultrasound 
Doppler imaging. Photoacoustic Doppler imaging is shown to detect flow velocities from 0.014 to 
3700 mm/s [142, 151, 162]. Recently, photoacoustics lifetime imaging (PALI) was developed to 
map spatial and temporal distribution of tissue oxygen by measuring the triplet state lifetime of a 
chromophore (oxygen sensitive dye) [121,122]. PAI has been used to study cerebral vasculature 
[82] and recently five dimensional photoacoustic tomography providing 3-D multispectral imaging 
in real time have been developed to study cerebral haemodynamics in mouse brains [57]. PAT has 
also been used to study neurovascular coupling [139]. Intravascular photoacoustic tomography has 
been used to study lipid deposition [67, 161]. PAI is also studied in early detection and diagnosis 
of tumour and for monitoring treatments effects over time [77, 85, 98, 111]. Exogenous contrast 
agents such as gold nano particles that provide optical contrast by absorption of light have been 
used to image tumour vasculature and neovascularization [18, 44, 91, 105]. 
         Compared to PAT, PAM is able to achieve superior spatial resolution of 0.2-60 µm and 
imaging depth of several mm [151]. PAM is further divided into OR-PAM (optical resolution PAM) 
and AR-PAM (acoustic resolution PAM) based on tight optical focussing and acoustic focussing 
respectively. OR-PAM provides high spatial resolution of 1-2 µm but has limited imaging depth of 
~1 mm in muscle and ~0.6 mm in the brain due to the optical scattering in turbid media [146] 
whereas the AR-PAM has an imaging depth of several millimetres but has spatial resolution of 50-
60 µm. By using diffraction limited focussing PAM (sub wavelength PAM), lateral resolution of 
220 nm was achieved for an imaging depth of 100 µm [160]. Flow velocities in the range of 0.01 
to 25 mm/s have been measured using structural illumination based PAM [163] and temporal 
correlation techniques [92, 127]. Similar to PAT, PAM has been used to for quantitative 
microvascular imaging [150, 162], tumour angiogenesis [93] cerebral imaging in mouse (imaging 
depth of 0.7 µm at 250 µm beneath the skull) [153] and in imaging lymph vessels [99]. Another 
technique called PA flowoxigraphy (FOG) based on high resolution PAM have been developed 
which can detect dynamic oxygen release from single flowing RBC [141]. FOG has micrometer 
spatial resolution and oxygen detection time of 20 µs. FOG was also shown to be capable of 
simultaneously quantifying RBC functional parameters such as total haemoglobin concentration, 
oxygen saturation (sO2), sO2 gradient, flow speed, and oxygen release rate [141]. Representative 
image of sO2 map using FOG is shown in figure 13. 
 
 
Fig 13 sO2 map of the mouse brain cortex obtained from photoacoustic flowoxiography [141] 
3. Recent applications of optical imaging in cerebral haemodynamics 
In this section, we describe the applications of optical imaging techniques that have been used 
in recent years to gain better understanding of cerebral haemodynamics. 
3.1 Haemodynamic point spread function 
Some authors [83] argue that resolution better than 2 mm is unhelpful in the study of 
neurocoupling, the impact of neural activity on the microcirculation, since the impact of even 
the smallest stimulated focal volume impacts the microcirculation on a scale of approximately 
2.3 mm [45].  
3.2  Role of pericytes in cerebral blood flow regulation 
Pericytes were first observed by Eberth and Rouget in 1870 as spatially isolated cells on the 
outer walls of capillaries and at the capillary branch points [7]. These cells were thought to have 
contractile properties thereby controlling vessel diameter, vascular resistance and thus playing 
an important role in the cerebral blood flow regulation (CBF). Apart from the contractile 
property, pericytes were also thought to play an important role in angiogenesis, maintenance of 
blood brain barrier and in microvascular development [7, 37]. However, there has been much 
debate over whether it’s the pericytes that regulate CBF by its contractility or is it the smooth 
muscle cells (SMC) that line the arterioles and venules. Recent studies have used two photon 
microscopic imaging to tackle this problem. In experiments conducted using transgenic mice 
labelled with fluorescent proteins (NG2 and α SMA promoters to label the mural cells) Hill et 
al. [65] observed that capillary pericytes lack actin and hence are not contractile in vivo. By 
their targeted neuronal stimulation using optogenetics, whisker stimulation and cortical 
spreading depolarization, they report that changes in microvascular diameter and flow occur in 
microvessels covered by SMC’s but not in those covered by pericytes. They also reported that 
during early brain ischemia, it is the transient SMC and not the pericytes that cause 
hypoperfusion. This is in contradiction to the results published by Hall et al. [60] who 
demonstrated that pericytes are the first vascular element to dilate during neuronal activity in 
the neocortex and cerebellum and that they die during ischemia. By combing two-photon 
imaging and optogenetics for imaging the cerebral vasculature they observed that during 
whisker stimulation, 1st order capillaries dilated before penetrating arterioles and also the 
change in capillary diameter (by over 5%) was more in regions with pericytes than in pericyte 
free zones. These findings support the fact that most neurons being closer to capillaries than to 
the arterioles regulate cerebral microcirculation by signalling to the pericytes thus dilating the 
capillaries before arterioles. However, these findings contradict the results reported by 
Fernández-Kletta et al. [47] who reported that precapillary and penetrating arterioles play a 
major role in increased blood flow induced by neural activity than capillary pericytes by using 
intravital two-photon laser scanning microscopy and exposing the pericytes to potent 
vasoconstrictors. The differences in these findings can be attributed to variations in induced 
neuronal stimulation techniques which may have triggered the release of vasoconstricting 
messengers, the use of different anaesthetic agent that may have supressed the blood flow 
increases and finally could be due to defining 1st order capillaries as precapillary arterioles due 
to their morphological similarities [65]. A recent paper by Attwell et al. [7] suggests that these 
contradicting results occur mainly due to the differences in nomenclature of pericytes among 
these papers. Two photon imaging has been used to characterize and label pericytes in the 
cerebral cortex [61]. Figure 14(a) shows the schematic of different types of pericyte 
morphologies. and a two photon image. Figure 14(b) and 14(c) show two photon images of the 
capillary bed obtained from the cortex of a transgenic mouse indicating capillary pericytes 
within them. 
 
  
  
 
 
Two photon microcirculation imaging with optogenetics is a hot topic which will finally resolve 
these conflicts. 
4. Conclusion 
This review has provided an update of currently available microcirculation imaging techniques 
that has potential clinical applications. The review briefly discusses the various technological 
advances behind various microcirculation imaging techniques, its resolution limit, penetration 
depth and applications. Most of the discussed techniques are able to detect morphological and 
functional information of the underlying biological tissue. Also, by combining different imaging 
modalities additional information can be obtained which otherwise wouldn’t be possible. 
 
 
 
REFERENCES 
Fig 14 (a) Schematic of different types of pericyte morphology in capillary bed [61] (b) Two photon image from the cortex 
of an NG2cre:mT/mG transgenic mouse showing mGFP (green) expressing smooth muscle cells on arterioles and venules 
with mTomato (red) expression in all membranes. (c) Images showing transitions from mGFP-labeled smooth muscle cell 
morphology to capillary pericytes , mGFP labelled smooth muscle cells denoted by arrowheads and capillary pericytes 
denoted by arrows [65]. 
1. Adelson, P.D., Nemoto, E., Scheuer, M., Painter, M., Morgan, J. and Yonas, H., 1999. 
Noninvasive continuous monitoring of cerebral oxygenation periictally using near‐infrared 
spectroscopy: a preliminary report. Epilepsia, 40(11), pp.1484-1489. 
2. Adhi, M. and Duker, J.S., 2013. Optical coherence tomography–current and future applications. 
Current opinion in ophthalmology, 24(3), p.213. 
3. Aizawa, N., Kunikata, H., Shiga, Y., Yokoyama, Y., Omodaka, K. and Nakazawa, T., 2014. 
Correlation between structure/function and optic disc microcirculation in myopic glaucoma, 
measured with laser speckle flowgraphy. BMC ophthalmology, 14(1), p.113. 
4. Aizawa, N., Kunikata, H., Omodaka, K. and Nakazawa, T., 2014. Optic disc microcirculation 
in superior segmental optic hypoplasia assessed with laser speckle flowgraphy. Clinical & 
experimental ophthalmology, 42(7), pp.702-704. 
5. Allen, J. and Howell, K., 2014. Microvascular imaging: techniques and opportunities for 
clinical physiological measurements. Physiological measurement, 35(7), p.R91.  
6. Murray A.K., Feng K., Moore T.L., Allen P.D., Taylor C.J. and Herrick, A.L., 2011. 
Preliminary Clinical Evaluation of Semi‐automated Nailfold Capillaroscopy in the Assessment 
of Patients with Raynaud’s Phenomenon. Microcirculation, 18(6), pp.440-447. 
7. Attwell, D., Mishra, A., Hall, C.N., O’Farrell, F.M. and Dalkara, T., 2015. What is a pericyte?. 
Journal of Cerebral Blood Flow & Metabolism, p.0271678X15610340. 
8. Aykut, G., Veenstra, G., Scorcella, C., Ince, C. and Boerma, C., 2015. Cytocam-IDF (incident 
dark field illumination) imaging for bedside monitoring of the microcirculation. Intensive Care 
Medicine Experimental, 3(1), p.4. 
9. Balaban, R.S. and Hampshire, V.A., 2001. Challenges in small animal non-invasive 
imaging. ILAR journal, 42(3), pp.248-262. 
10. Baran, U., Li, Y., Choi, W.J., Kalkan, G. and Wang, R.K., 2015. High resolution imaging of 
acne lesion development and scarring in human facial skin using OCT‐based 
microangiography. Lasers in surgery and medicine,47(3), pp.231-238. 
11. Baran, U., Shi, L. and Wang, R.K., 2013. Capillary blood flow imaging within human finger 
cuticle using optical microangiography. J. Biophotonics, 8, pp.46-51. 
12. Barrett, H.H. and Swindell, W., 1996. Radiological imaging: the theory of image formation, 
detection, and processing (Vol. 2). Academic Press. 
13. Baish, J.W., Stylianopoulos, T., Lanning, R.M., Kamoun, W.S., Fukumura, D., Munn, L.L. and 
Jain, R.K., 2011. Scaling rules for diffusive drug delivery in tumor and normal 
tissues. Proceedings of the National Academy of Sciences, 108(5), pp.1799-1803. 
14. Berg, V.J., Elteren, H.A., Buijs, E.A., Ince, C., Tibboel, D., Reiss, I.K. and Jonge, R.C., 2015. 
Reproducibility of Microvascular Vessel Density Analysis in Sidestream Dark‐Field‐Derived 
Images of Healthy Term Newborns.Microcirculation, 22(1), pp.37-43. 
15. Biel, N.M., Lee, J.A., Sorg, B.S. and Siemann, D.W., 2014. Limitations of the dorsal skinfold 
window chamber model in evaluating anti-angiogenic therapy during early phase of 
angiogenesis. Vasc. Cell, 6, p.17. 
16. Boas, D.A., Strangman, G., Culver, J.P., Hoge, R.D., Jasdzewski, G., Poldrack, R.A., Rosen, 
B.R. and Mandeville, J.B., 2003. Can the cerebral metabolic rate of oxygen be estimated with 
near-infrared spectroscopy?.Physics in medicine and biology, 48(15), p.2405. 
17. Bozkurt, A., Rosen, A., Rosen, H. and Onaral, B., 2005. A portable near infrared spectroscopy 
system for bedside monitoring of newborn brain.Biomedical engineering online, 4(1), p.29. 
18. Briggs, K., Al Mahrouki, A., Nofiele, J., El-Falou, A., Stanisz, M., Kim, H.C., Kolios, M.C. 
and Czarnota, G.J., 2014. Non-invasive monitoring of ultrasound-stimulated microbubble 
radiation enhancement using photoacoustic imaging. Technology in cancer research & 
treatment, 13(5), pp.435-444. 
19. Brooks, R.A. and Di Chiro, G., 1976. Statistical limitations in x‐ray reconstructive 
tomography. Medical physics, 3(4), pp.237-240. 
20. Calin, M.A., Parasca, S.V., Savastru, D. and Manea, D., 2014. Hyperspectral imaging in the 
medical field: present and future. Applied Spectroscopy Reviews, 49(6), pp.435-447. 
21. Chan, G., Balaratnasingam, C., Xu, J., Mammo, Z., Han, S., Mackenzie, P., Merkur, A., Kirker, 
A., Albiani, D., Sarunic, M.V. and Yu, D.Y., 2015. In vivo optical imaging of human retinal 
capillary networks using speckle variance optical coherence tomography with quantitative 
clinico-histological correlation. Microvascular research, 100, pp.32-39. 
22. Chance, B., Villringer, A., Dirnagl, U. and Einhäupl, K.M., 1992. Optical imaging of brain 
function and metabolism. Journal of neurology, 239(7), pp.359-360. 
23. Chen, C., Liao, J. and Gao, W., 2015. Cube data correlation-based imaging of small blood 
vessels. Optical Engineering, 54(4), pp.043104-043104. 
24. Chéreau, R., Tønnesen, J. and Nägerl, U.V., 2015. STED microscopy for nanoscale imaging in 
living brain slices. Methods, 88, pp.57-66. 
25. Chin, M.S., Freniere, B.B., Lancerotto, L., Lujan-Hernandez, J., Saleeby, J.H., Lo, Y.C., Orgill, 
D.P., Lalikos, J.F. and Fitzgerald, T.J., 2015. Hyperspectral Imaging as an Early Biomarker for 
Radiation Exposure and Microcirculatory Damage. Frontiers in oncology, 5. 
26. Choi, W.J. and Wang, R.K., 2015. Swept-source optical coherence tomography powered by a 
1.3-μm vertical cavity surface emitting laser enables 2.3-mm-deep brain imaging in mice in 
vivo. Journal of biomedical optics, 20(10), pp.106004-106004. 
27. Choi, W.J. and Wang, R.K., 2014. Volumetric cutaneous microangiography of human skin in 
vivo by VCSEL swept-source optical coherence tomography. Quantum electronics, 44(8), 
p.740. 
28. Choi, W.J., Reif, R., Yousefi, S. and Wang, R.K., 2014. Improved microcirculation imaging of 
human skin in vivo using optical microangiography with a correlation mapping mask. Journal 
of biomedical optics, 19(3), pp.036010-036010. 
29. Chong, S.P., Merkle, C.W., Leahy, C., Radhakrishnan, H. and Srinivasan, V.J., 2015. 
Quantitative microvascular hemoglobin mapping using visible light spectroscopic Optical 
Coherence Tomography. Biomedical optics express, 6(4), pp.1429-1450. 
30. Cinotti, E., Gergelé, L., Perrot, J.L., Dominé, A., Labeille, B., Borelli, P. and Cambazard, F., 
2014. Quantification of capillary blood cell flow using reflectance confocal microscopy. Skin 
Research and Technology, 20(3), pp.373-378. 
31. Corlu, A., Choe, R., Durduran, T., Lee, K., Schweiger, M., Arridge, S.R., Hillman, E. and Yodh, 
A.G., 2005. Diffuse optical tomography with spectral constraints and wavelength 
optimization. Applied optics, 44(11), pp.2082-2093. 
32. Correia, T., Gibson, A. and Hebden, J., 2010. Identification of the optimal wavelengths for 
optical topography: a photon measurement density function analysis. Journal of biomedical 
optics, 15(5), pp.056002-056002. 
33. Cox, S., 2015. Super-resolution imaging in live cells. Developmental biology,401(1), pp.175-
181. 
34. Culver, J.P., Durduran, T., Furuya, D., Cheung, C., Greenberg, J.H. and Yodh, A.G., 2003. 
Diffuse optical tomography of cerebral blood flow, oxygenation, and metabolism in rat during 
focal ischemia. Journal of cerebral blood flow & metabolism, 23(8), pp.911-924. 
35. Cutolo, M., Sulli, A., Pizzorni, C. and Smith, V., 2014. Capillaroscopy. In Skin Manifestations 
in Rheumatic Disease (pp. 93-99). Springer New York. 
36. Dababneh, L., Cikach, F., Alkukhun, L., Dweik, R.A. and Tonelli, A.R., 2014. Sublingual 
microcirculation in pulmonary arterial hypertension. Annals of the American Thoracic 
Society, 11(4), pp.504-512. 
37. Dalkara, T. and Alarcon-Martinez, L., 2015. Cerebral microvascular pericytes and 
neurogliovascular signaling in health and disease. Brain research. 
38. Daly, S.M. and Leahy, M.J., 2013. ‘Go with the flow’: a review of methods and advancements 
in blood flow imaging. Journal of biophotonics, 6(3), pp.217-255. 
39. Dietsche, G., Ninck, M., Ortolf, C., Li, J., Jaillon, F. and Gisler, T., 2007. Fiber-based 
multispeckle detection for time-resolved diffusing-wave spectroscopy: characterization and 
application to blood flow detection in deep tissue. Applied optics, 46(35), pp.8506-8514. 
40. Djaberi, R., Schuijf, J.D., de Koning, E.J., Wijewickrama, D.C., Pereira, A.M., Smit, J.W., 
Kroft, L.J., de Roos, A., Bax, J.J., Rabelink, T.J. and Jukema, J.W., 2013. Non-invasive 
assessment of microcirculation by sidestream dark field imaging as a marker of coronary artery 
disease in diabetes. Diabetes and Vascular Disease Research, 10(2), pp.123-134. 
41. Durduran, T. and Yodh, A.G., 2014. Diffuse correlation spectroscopy for non-invasive, micro-
vascular cerebral blood flow measurement. Neuroimage, 85, pp.51-63. 
42. Durduran, T., Yu, G., Burnett, M.G., Detre, J.A., Greenberg, J.H., Wang, J., Zhou, C. and Yodh, 
A.G., 2004. Diffuse optical measurement of blood flow, blood oxygenation, and metabolism in 
a human brain during sensorimotor cortex activation. Optics letters, 29(15), pp.1766-1768. 
43. Durduran, T., Zhou, C., Buckley, E.M., Kim, M.N., Yu, G., Choe, R., Gaynor, J.W., Spray, 
T.L., Durning, S.M., Mason, S.E. and Montenegro, L.M., 2010. Optical measurement of 
cerebral hemodynamics and oxygen metabolism in neonates with congenital heart 
defects. Journal of biomedical optics, 15(3), pp.037004-037004. 
44. Ermolayev, V., Dean-Ben, X.L., Mandal, S., Ntziachristos, V. and Razansky, D., 2015. 
Simultaneous visualization of tumour oxygenation, neovascularization and contrast agent 
perfusion by real-time three-dimensional optoacoustic tomography. European radiology, pp.1-
9. 
45. Faro, S.H. and Mohamed, F.B. eds., 2006. Functional MRI: basic principles and clinical 
applications. Springer Science & Business Media. 
46. Fawzy, Y., Lam, S. and Zeng, H., 2015. Rapid multispectral endoscopic imaging system for 
near real-time mapping of the mucosa blood supply in the lung. Biomedical optics 
express, 6(8), pp.2980-2990. 
47. Fernández-Klett, F., Offenhauser, N., Dirnagl, U., Priller, J. and Lindauer, U., 2010. Pericytes 
in capillaries are contractile in vivo, but arterioles mediate functional hyperemia in the mouse 
brain. Proceedings of the National Academy of Sciences, 107(51), pp.22290-22295. 
48. Ferrari, M. and Quaresima, V., 2012. A brief review on the history of human functional near-
infrared spectroscopy (fNIRS) development and fields of application. Neuroimage, 63(2), 
pp.921-935. 
49. Firn, K.A. and Khoobehi, B., 2015. Novel noninvasive multispectral snapshot imaging system 
to measure and map the distribution of human vessel and tissue hemoglobin oxygen 
saturation. International Journal of Ophthalmic Research, 1(2), pp.48-58. 
50. Flavahan, N.A., 2015. A vascular mechanistic approach to understanding Raynaud 
phenomenon. Nature Reviews Rheumatology, 11(3), pp.146-158. 
51. Ford, N.L., Thornton, M.M. and Holdsworth, D.W., 2003. Fundamental image quality limits 
for microcomputed tomography in small animals. Medical physics, 30(11), pp.2869-2877. 
52. Franceschini, M.A., Nissilä, I., Wu, W., Diamond, S.G., Bonmassar, G. and Boas, D.A., 2008. 
Coupling between somatosensory evoked potentials and hemodynamic response in the 
rat. Neuroimage, 41(2), pp.189-203. 
53. Franco, C.A., Jones, M.L., Bernabeu, M.O., Geudens, I., Mathivet, T., Rosa, A., Lopes, F.M., 
Lima, A.P., Ragab, A., Collins, R.T. and Phng, L.K., 2015. Dynamic endothelial cell 
rearrangements drive developmental vessel regression. 
54. Funane, T., Atsumori, H., Sato, H., Kiguchi, M. and Maki, A., 2009. Relationship between 
wavelength combination and signal-to-noise ratio in measuring hemoglobin concentrations 
using visible or near-infrared light.Optical review, 16(4), pp.442-448. 
55. Gagnon, L., Sakadžić, S., Lesage, F., Mandeville, E.T., Fang, Q., Yaseen, M.A. and Boas, D.A., 
2015. Multimodal reconstruction of microvascular-flow distributions using combined two-
photon microscopy and Doppler optical coherence tomography. Neurophotonics, 2(1), 
pp.015008-015008. 
56. Goedhart, P.T., Khalilzada, M., Bezemer, R., Merza, J. and Ince, C., 2007. Sidestream Dark 
Field (SDF) imaging: a novel stroboscopic LED ring-based imaging modality for clinical 
assessment of the microcirculation. Optics express, 15(23), pp.15101-15114. 
57. Gottschalk, S., Fehm, T.F., Deán-Ben, X.L. and Razansky, D., 2015. Noninvasive real-time 
visualization of multiple cerebral hemodynamic parameters in whole mouse brains using five-
dimensional optoacoustic tomography. Journal of Cerebral Blood Flow & Metabolism. 
58. Boas, D.A., Pitris, C. and Ramanujam, N. eds., 2011. Handbook of biomedical optics. CRC 
press. 
59. Grassi, W. and De Angelis, R., 2007. Capillaroscopy: questions and answers. Clinical 
rheumatology, 26(12), pp.2009-2016. 
60. Hall, C.N., Reynell, C., Gesslein, B., Hamilton, N.B., Mishra, A., Sutherland, B.A., O’Farrell, 
F.M., Buchan, A.M., Lauritzen, M. and Attwell, D., 2014. Capillary pericytes regulate cerebral 
blood flow in health and disease. Nature, 508(7494), pp.55-60. 
61. Hartmann, D.A., Underly, R.G., Grant, R.I., Watson, A.N., Lindner, V. and Shih, A.Y., 2015. 
Pericyte structure and distribution in the cerebral cortex revealed by high-resolution imaging 
of transgenic mice. Neurophotonics, 2(4), pp.041402-041402. 
62. Hendargo, H.C., Zhao, Y., Allenby, T. and Palmer, G.M., 2015. Snap-shot multispectral 
imaging of vascular dynamics in a mouse window-chamber model. Optics letters, 40(14), 
pp.3292-3295. 
63. Hendriks, A.G.M., Kerkhof, P.C.M., Jonge, C.S., Lucas, M., Steenbergen, W. and Seyger, 
M.M.B., 2014. Clearing of psoriasis documented by laser Doppler perfusion imaging contrasts 
remaining elevation of dermal expression levels of CD31. Skin Research and Technology. 
64. Hendriks, A.G., Steenbergen, W., Hondebrink, E., van Hespen, J.C., van de Kerkhof, P.C. and 
Seyger, M.M., 2014. Whole field laser Doppler imaging of the microcirculation in psoriasis 
and clinically unaffected skin. Journal of dermatological treatment, 25(1), pp.18-21. 
65. Hill, R.A., Tong, L., Yuan, P., Murikinati, S., Gupta, S. and Grutzendler, J., 2015. Regional 
blood flow in the normal and ischemic brain is controlled by arteriolar smooth muscle cell 
contractility and not by capillary pericytes. Neuron, 87(1), pp.95-110. 
66. Huang, Y., Zhang, Q., Thorell, M.R., An, L., Durbin, M.K., Laron, M., Sharma, U., Gregori, 
G., Rosenfeld, P.J. and Wang, R.K., 2014. Swept-source OCT angiography of the retinal 
vasculature using intensity differentiation-based optical microangiography 
algorithms. Ophthalmic surgery, lasers & imaging retina, 45(5), p.382. 
67. Hui, J., Li, R., Wang, P., Phillips, E., Bruning, R., Liao, C.S., Sturek, M., Goergen, C.J. and 
Cheng, J.X., 2015, March. Assessing carotid atherosclerosis by fiber-optic multispectral 
photoacoustic tomography. InSPIE BiOS (pp. 93233S-93233S). International Society for 
Optics and Photonics. 
68. Huppert, T.J., Diamond, S.G., Franceschini, M.A. and Boas, D.A., 2009. HomER: a review of 
time-series analysis methods for near-infrared spectroscopy of the brain. Applied 
optics, 48(10), pp.D280-D298. 
69. Ihler, F., Bertlich, M., Weiss, B., Dietzel, S. and Canis, M., 2015. Two-Photon Microscopy 
Allows Imaging and Characterization of Cochlear Microvasculature In Vivo. BioMed research 
international, 2015. 
70. Isasi, E., Barbeito, L. and Olivera-Bravo, S., 2014. Increased blood-brain barrier permeability 
and alterations in perivascular astrocytes and pericytes induced by intracisternal glutaric 
acid. Fluids and Barriers of the CNS, 11(1), p.15. 
71. Ishibazawa, A., Nagaoka, T., Takahashi, A., Omae, T., Tani, T., Sogawa, K., Yokota, H. and 
Yoshida, A., 2015. Optical Coherence Tomography Angiography in Diabetic Retinopathy: A 
Prospective Pilot Study. American journal of ophthalmology. 
72. Jafari, S.M.S., Schawkat, M., Van De Ville, D. and Shafighi, M., 2014. Relative indexes of 
cutaneous blood perfusion measured by real-time laser Doppler imaging (LDI) in healthy 
volunteers. Microvascular research, 94, pp.1-6. 
73. Jia, Y. and Huang, D., 2015. Noninvasive Ocular Angiography by Optical Coherence 
Tomography. In Teleophthalmology in Preventive Medicine (pp. 63-71). Springer Berlin 
Heidelberg. 
74. Jia, Y., Bailey, S.T., Hwang, T.S., McClintic, S.M., Gao, S.S., Pennesi, M.E., Flaxel, C.J., 
Lauer, A.K., Wilson, D.J., Hornegger, J. and Fujimoto, J.G., 2015. Quantitative optical 
coherence tomography angiography of vascular abnormalities in the living human 
eye. Proceedings of the National Academy of Sciences, 112(18), pp.E2395-E2402. 
75. Jia, Y., Tan, O., Tokayer, J., Potsaid, B., Wang, Y., Liu, J.J., Kraus, M.F., Subhash, H., 
Fujimoto, J.G., Hornegger, J. and Huang, D., 2012. Split-spectrum amplitude-decorrelation 
angiography with optical coherence tomography. Optics express, 20(4), pp.4710-4725. 
76. Jobsis, F.F., 1977. Noninvasive, infrared monitoring of cerebral and myocardial oxygen 
sufficiency and circulatory parameters. Science,198(4323), pp.1264-1267. 
77. Johnson, S.P., Ogunlade, O., Zhang, E., Lythgoe, M., Beard, P. and Pedley, R.B., 2015. 
Abstract A08: Investigating tumor vasculature development and the effects of OXi4503 by non-
invasive photoacoustic imaging. Cancer Research, 75(1 Supplement), pp.A08-A08. 
78. Kashani, A.H., Jaime, G.R.L., Saati, S., Martin, G., Varma, R. and Humayun, M.S., 2014. 
Noninvasive assessment of retinal vascular oxygen content among normal and diabetic human 
subjects: A Study Using Hyperspectral Computed Tomographic Imaging 
Spectroscopy. Retina, 34(9), pp.1854-1860. 
79. Kennan, R.P. and Behar, K.L., 2002. Continuous-wave near-infrared spectroscopy using 
pathlength-independent hypoxia normalization. Journal of biomedical optics, 7(2), pp.228-
235. 
80. Khandelia, R., Bhandari, S., Pan, U.N., Ghosh, S.S. and Chattopadhyay, A., 2015. Gold 
Nanocluster Embedded Albumin Nanoparticles for Two‐Photon Imaging of Cancer Cells 
Accompanying Drug Delivery. Small. 
81. Kleinschmidt, A., Obrig, H., Requardt, M., Merboldt, K.D., Dirnagl, U., Villringer, A. and 
Frahm, J., 1996. Simultaneous recording of cerebral blood oxygenation changes during human 
brain activation by magnetic resonance imaging and near-infrared spectroscopy. Journal of 
cerebral blood flow & metabolism, 16(5), pp.817-826. 
82. Kneipp, M., Turner, J., Hambauer, S., Krieg, S.M., Lehmberg, J., Lindauer, U. and Razansky, 
D., 2014. Functional real-time optoacoustic imaging of middle cerebral artery occlusion in 
mice. PloS one, 9(4), pp. 96118. 
83. Kraft, E., Gulyás, B. and Pöppel, E., 2009. Neural correlates of thinking (pp. 3-11). Springer 
Berlin Heidelberg. 
84. Kuehlewein, L., Tepelus, T.C., An, L., Durbin, M.K., Srinivas, S. and Sadda, S.R., 2015. 
Noninvasive Visualization and Analysis of the Human Parafoveal Capillary Network Using 
Swept Source OCT Optical Microangiography Human Parafoveal Capillary Network 
Analysis. Investigative ophthalmology & visual science, 56(6), pp.3984-3988. 
85. Lakshman, M. and Needles, A., 2015. Screening and quantification of the tumor 
microenvironment with micro-ultrasound and photoacoustic imaging.Nature Methods, 12(4). 
86. Lee, J.A., Wiggins, J.M., Rice, L.P. and Siemann, D.W., 2015. In vivo fluorescence and spectral 
microscopy of the effects of aerobic exercise on tumor oxygenation and perfusion in breast 
cancer. Cancer Research, 75(15 Supplement), pp.5211-5211. 
87. Lee, J., Wu, W., Jiang, J.Y., Zhu, B. and Boas, D.A., 2012. Dynamic light scattering optical 
coherence tomography. Optics express, 20(20), pp.22262-22277. 
88. Lee, J., Wu, W., Lesage, F. and Boas, D.A., 2013. Multiple-capillary measurement of RBC 
speed, flux, and density with optical coherence tomography. Journal of Cerebral Blood Flow 
& Metabolism, 33(11), pp.1707-1710. 
89. Lee, J., Radhakrishnan, H., Wu, W., Daneshmand, A., Climov, M., Ayata, C. and Boas, D.A., 
2013. Quantitative imaging of cerebral blood flow velocity and intracellular motility using 
dynamic light scattering–optical coherence tomography. Journal of Cerebral Blood Flow & 
Metabolism, 33(6), pp.819-825. 
90. Lehmann, C., Sardinha, J. and Mukhtar, A.M., 2015. Sidestream versus incident dark field 
imaging: How to compare two different technologies to study the microcirculation?. Journal of 
clinical monitoring and computing, 29(5), pp.539-540. 
91. Li, W. and Chen, X., 2015. Gold nanoparticles for photoacoustic 
imaging.Nanomedicine, 10(2), pp.299-320. 
92. Liang, J., Zhou, Y., Maslov, K.I. and Wang, L.V., 2013. Cross-correlation-based transverse 
flow measurements using optical resolution photoacoustic microscopy with a digital 
micromirror device. Journal of biomedical optics,18(9), pp.096004-096004. 
93. Lin, R., Chen, J., Wang, H., Yan, M., Zheng, W. and Song, L., 2015. Longitudinal label-free 
optical-resolution photoacoustic microscopy of tumor angiogenesis in vivo. Quantitative 
imaging in medicine and surgery, 5(1), p.23. 
94. Liu, G., Lin, A.J., Tromberg, B.J. and Chen, Z., 2012. A comparison of Doppler optical 
coherence tomography methods. Biomedical optics express,3(10), pp.2669-2680. 
95. Liu, J., 2014. Two-photon microscopy in pre-clinical and clinical cancer research. Frontiers of 
Optoelectronics, pp.1-11. 
96. Long, X., Yu, N., Zeng, A., Long, F. and Wang, X.J., 2013. Sidestream Dark Field imaging as 
an adjunct to free flap monitoring. 
97. Lu, G. and Fei, B., 2014. Medical hyperspectral imaging: a review. Journal of biomedical 
optics, 19(1), pp.010901-010901. 
98. Mallidi, S., Luke, G.P. and Emelianov, S., 2011. Photoacoustic imaging in cancer detection, 
diagnosis, and treatment guidance. Trends in biotechnology, 29(5), pp.213-221. 
99. Martel, C., Yao, J., Huang, C.H., Zou, J., Randolph, G.J. and Wang, L.V., 2014. Photoacoustic 
lymphatic imaging with high spatial-temporal resolution. .Journal of biomedical optics, 19(11), 
pp.116009-116009. 
100. McCormack, D.R., Walsh, A.J., Sit, W., Arteaga, C.L., Chen, J., Cook, R.S. and Skala, M.C., 
2014. In vivo hyperspectral imaging of microvessel response to trastuzumab treatment in breast 
cancer xenografts. Biomedical optics express, 5(7), pp.2247-2261. 
101. Miclos, S., Parasca, S.V., Calin, M.A., Savastru, D. and Manea, D., 2015. Algorithm for 
mapping cutaneous tissue oxygen concentration using hyperspectral imaging. Biomedical 
optics express, 6(9), pp.3420-3430. 
102. Minniti, C.P., Delaney, K.M.H., Gorbach, A.M., Xu, D., Lee, C.C.R., Malik, N., Koroulakis, 
A., Antalek, M., Maivelett, J., Peters‐Lawrence, M. and Novelli, E.M., 2014. Vasculopathy, 
inflammation, and blood flow in leg ulcers of patients with sickle cell anemia. American 
journal of hematology, 89(1), pp.1-6. 
103. Mordant, D.J., Al-Abboud, I., Muyo, G., Gorman, A., Harvey, A.R. and McNaught, A.I., 
2014. Oxygen saturation measurements of the retinal vasculature in treated asymmetrical 
primary open-angle glaucoma using hyperspectral imaging. Eye. 
104. Nadort, A., Woolthuis, R.G., van Leeuwen, T.G. and Faber, D.J., 2013. Quantitative laser 
speckle flowmetry of the in vivo microcirculation using sidestream dark field 
microscopy. Biomedical optics express, 4(11), pp.2347-2361. 
105. Nie, L., Wang, S., Wang, X., Rong, P., Ma, Y., Liu, G., Huang, P., Lu, G. and Chen, X., 2014. 
In vivo volumetric photoacoustic molecular angiography and therapeutic monitoring with 
targeted plasmonic nanostars. small, 10(8), pp.1585-1593. 
106. Nwaneshiudu, Adaobi, et al. "Introduction to confocal microscopy." Journal of Investigative 
Dermatology 132(12),pp. 1-5, 2012. 
107. Overgaard, J. and Tweed, W.A., 1974. Cerebral circulation after head injury: Part 1: Cerebral 
blood flow and its regulation after closed head injury with emphasis on clinical 
correlations. Journal of neurosurgery, 41(5), pp.531-541. 
108. Peter, T.C., S. Two-photon fluorescence light microscopy. Encyclopedia of Life Science, 
2002. 
109. Pechauer, A.D., Jia, Y., Liu, L., Gao, S.S., Jiang, C. and Huang, D., 2015. Optical Coherence 
Tomography Angiography of Peripapillary Retinal Blood Flow Response to Hyperoxia OCT 
Angiography of Retinal Blood Flow During Hyperoxia. Investigative ophthalmology & visual 
science, 56(5), pp.3287-3291. 
110. Pellacani, G., Pepe, P., Casari, A. and Longo, C., 2014. Reflectance confocal microscopy as 
a second‐level examination in skin oncology improves diagnostic accuracy and saves 
unnecessary excisions: a longitudinal prospective study. British Journal of 
Dermatology, 171(5), pp.1044-1051. 
111. Poddar, R., Kim, D.Y., Werner, J.S. and Zawadzki, R.J., 2014. In vivo imaging of human 
vasculature in the chorioretinal complex using phase-variance contrast method with phase-
stabilized 1-μm swept-source optical coherence tomography. Journal of biomedical 
optics, 19(12), pp.126010-126010. 
112. Rich, L.J. and Seshadri, M., 2014. Photoacoustic imaging of vascular hemodynamics: 
validation with blood oxygenation level–dependent MR imaging. Radiology. 
113. Ritman, E.L., 2008. Vision 20/20: Increased image resolution versus reduced radiation 
exposure. Medical physics, 35(6), pp.2502-2512. 
114. Roche-Labarbe, N., Fenoglio, A., Radhakrishnan, H., Kocienski-Filip, M., Carp, S.A., Dubb, 
J., Boas, D.A., Grant, P.E. and Franceschini, M.A., 2014. Somatosensory evoked changes in 
cerebral oxygen consumption measured non-invasively in premature 
neonates. Neuroimage, 85, pp.279-286. 
115. Roche-Labarbe, N., Fenoglio, A., Radhakrishnan, H., Kocienski-Filip, M., Carp, S.A., Dubb, 
J., Boas, D.A., Grant, P.E. and Franceschini, M.A., 2014. Somatosensory evoked changes in 
cerebral oxygen consumption measured non-invasively in premature 
neonates. Neuroimage, 85, pp.279-286. 
116. Sakadžić, S., Mandeville, E.T., Gagnon, L., Musacchia, J.J., Yaseen, M.A., Yucel, M.A., 
Lefebvre, J., Lesage, F., Dale, A.M., Eikermann-Haerter, K. and Ayata, C., 2014. Large 
arteriolar component of oxygen delivery implies a safe margin of oxygen supply to cerebral 
tissue. Nature communications, 5. 
117. Saldanha, C., 2015. Instrumental analysis applied to erythrocyte properties.Journal of 
Cellular Biotechnology, 1(1), pp.81-93. 
118. Savastano, M.C., Lumbroso, B. and Rispoli, M., 2015. In vivo characterization of retinal 
vascularization morphology using optical coherence tomography angiography. Retina 
(Philadelphia, Pa.). 
119. Scarpa, F., Brigadoi, S., Cutini, S., Scatturin, P., Zorzi, M., DellrAcqua, R. and Sparacino, G., 
2011, August. A methodology to improve estimation of stimulus-evoked hemodynamic 
response from fNIRS measurements. InEngineering in Medicine and Biology Society, EMBC, 
2011 Annual International Conference of the IEEE (pp. 785-788). IEEE. 
120. Scholkmann, F., Metz, A.J. and Wolf, M., 2014. Measuring tissue hemodynamics and 
oxygenation by continuous-wave functional near-infrared spectroscopy—how robust are the 
different calculation methods against movement artifacts?. Physiological 
measurement, 35(4), p.717. 
121. Scholkmann, F., Kleiser, S., Metz, A.J., Zimmermann, R., Pavia, J.M., Wolf, U. and Wolf, 
M., 2014. A review on continuous wave functional near-infrared spectroscopy and imaging 
instrumentation and methodology.Neuroimage, 85, pp.6-27. 
122. Shao, Q. and Ashkenazi, S., 2015. Photoacoustic lifetime imaging for direct in vivo tissue 
oxygen monitoring. Journal of biomedical optics, 20(3), pp.036004-036004. 
123. Shao, Q., Morgounova, E., Jiang, C., Choi, J., Bischof, J. and Ashkenazi, S., 2013. In vivo 
photoacoustic lifetime imaging of tumor hypoxia in small animals. Journal of biomedical 
optics, 18(7), pp.076019-076019. 
124. Shi, L., Qin, J., Dziennis, S. and Wang, R.K., 2013, February. Variable-range Doppler optical 
microangiography using stabilized step scanning and phase variance binarized mask. In SPIE 
BiOS (pp. 858018-858018). International Society for Optics and Photonics. 
125. Shi, L., Qin, J., Reif, R. and Wang, R.K., 2013. Wide velocity range Doppler optical 
microangiography using optimized step-scanning protocol with phase variance mask. Journal 
of biomedical optics, 18(10), pp.106015-106015. 
126. Shi, L., Qin, J., Reif, R. and Wang, R.K., 2013. Wide velocity range Doppler optical 
microangiography using optimized step-scanning protocol with phase variance mask. Journal 
of biomedical optics, 18(10), pp.106015-106015. 
127. Singh, H., Cooper, R.J., Lee, C.W., Dempsey, L., Edwards, A., Brigadoi, S., Airantzis, D., 
Everdell, N., Michell, A., Holder, D. and Hebden, J.C., 2014. Mapping cortical 
haemodynamics during neonatal seizures using diffuse optical tomography: A case 
study. NeuroImage: Clinical, 5, pp.256-265. 
128. Song, W., Liu, W. and Zhang, H.F., 2013. Laser-scanning Doppler photoacoustic microscopy 
based on temporal correlation. Applied physics letters, 102(20), p.203501. 
129. Spaide, R.F., 2015. Optical Coherence Tomography Angiography Signs of Vascular 
Abnormalization with Antiangiogenic Therapy for Choroidal Neovascularization. American 
journal of ophthalmology. 
130. Strait, M. and Scheutz, M., 2014. What we can and cannot (yet) do with functional near 
infrared spectroscopy. Frontiers in neuroscience, 8. 
131. Takase, N., Nozaki, M., Kato, A., Ozeki, H., Yoshida, M. and Ogura, Y., 2015. Enlargement 
of foveal avascular zone in diabetic eyes evaluated by en face optical coherence tomography 
angiography. Retina, 35(11), pp.2377-2383. 
132. Tokayer, J., Jia, Y., Dhalla, A.H. and Huang, D., 2013. Blood flow velocity quantification 
using split-spectrum amplitude-decorrelation angiography with optical coherence 
tomography. Biomedical optics express, 4(10), pp.1909-1924. 
133. van den Berg, P.J., Daoudi, K. and Steenbergen, W., 2015. Review of photoacoustic flow 
imaging: its current state and its promises. Photoacoustics, 3(3), pp.89-99. 
134. van Elteren, H.A., Ince, C., Tibboel, D., Reiss, I.K.M. and de Jonge, R.C.J., 2014. Cutaneous 
microcirculation in preterm neonates: comparison between sidestream dark field (SDF) and 
incident dark field (IDF) imaging. Journal of Clinical Monitoring and Computing, pp.1-6. 
135. Vasefi, F., MacKinnon, N., Saager, R.B., Durkin, A.J., Chave, R., Lindsley, E.H. and Farkas, 
D.L., 2014. Polarization-sensitive hyperspectral imaging in vivo: a multimode dermoscope 
for skin analysis. Scientific reports, 4. 
136. Venturini, M., Arisi, M., Zanca, A., Cavazzana, I., Gonzàlez, S., Franceschini, F. and 
Calzavara-Pinton, P., 2014. In vivo reflectance confocal microscopy features of cutaneous 
microcirculation and epidermal and dermal changes in diffuse systemic sclerosis and 
correlation with histological and videocapillaroscopic findings. European Journal of 
Dermatology, 24(3), pp.349-355. 
137. Verri, V., Brandão, A. and Tibirica, E., 2015. The evaluation of penile microvascular 
endothelial function using laser speckle contrast imaging in healthy 
volunteers. Microvascular research, 99, pp.96-101. 
138. Villringer, A., Planck, J., Hock, C., Schleinkofer, L. and Dirnagl, U., 1993. Near infrared 
spectroscopy (NIRS): a new tool to study hemodynamic changes during activation of brain 
function in human adults. Neuroscience letters, 154(1), pp.101-104. 
139. Wahr, J.A., Tremper, K.K., Samra, S. and Delpy, D.T., 1996. Near-infrared spectroscopy: 
theory and applications. Journal of cardiothoracic and vascular anesthesia, 10(3), pp.406-
418. 
140. Wang, B., Xiao, J. and Jiang, H., 2014. Simultaneous real-time 3D photoacoustic tomography 
and EEG for neurovascular coupling study in an animal model of epilepsy. Journal of neural 
engineering, 11(4), p.046013. 
141. Wang, H., Baran, U., Li, Y., Qin, W., Wang, W., Zeng, H. and Wang, R.K., 2014. Does optical 
microangiography provide accurate imaging of capillary vessels?: validation using 
multiphoton microscopy. Journal of biomedical optics, 19(10), pp.106011-106011. 
142. Wang, L., Maslov, K. and Wang, L.V., 2013. Single-cell label-free photoacoustic 
flowoxigraphy in vivo. Proceedings of the National Academy of Sciences, 110(15), pp.5759-
5764. 
143. Wang, L.V. and Gao, L., 2014. Photoacoustic microscopy and computed tomography: from 
bench to bedside. Annual review of biomedical engineering, 16, p.155. 
144. Watanabe, E., Nagahori, Y. and Mayanagi, Y., 2002. Focus diagnosis of epilepsy using near‐
infrared spectroscopy. Epilepsia, 43(s9), pp.50-55. 
145. Weekenstroo, H.H., Cornelissen, B.M. and Moens, H.J.B., 2014. Green light may improve 
diagnostic accuracy of nailfold capillaroscopy with a simple digital 
videomicroscope. Rheumatology international, 35(6), pp.1069-1071. 
146. Xia, J., Yao, J. and Wang, L.V., 2014. Photoacoustic tomography: principles and 
advances. Electromagnetic waves (Cambridge, Mass.), 147, p.1. 
147. Xu, J., Wong, K., Jian, Y. and Sarunic, M.V., 2014. Real-time acquisition and display of flow 
contrast using speckle variance optical coherence tomography in a graphics processing 
unit. Journal of biomedical optics,19(2), pp.026001-026001. 
148. Yamada, T., Umeyama, S. and Matsuda, K., 2012. Separation of fNIRS signals into functional 
and systemic components based on differences in hemodynamic modalities. 
149. Yamashita, Y., Maki, A. and Koizumi, H., 2001. Wavelength dependence of the precision of 
noninvasive optical measurement of oxy-, deoxy-, and total-hemoglobin 
concentration. Medical physics, 28(6), pp.1108-1114. 
150. Yang, Z., Chen, J., Yao, J., Lin, R., Meng, J., Liu, C., Yang, J., Li, X., Wang, L. and Song, 
L., 2014. Multi-parametric quantitative microvascular imaging with optical-resolution 
photoacoustic microscopy in vivo. Optics express, 22(2), pp.1500-1511. 
151. Yao, J. and Wang, L.V., 2013. Photoacoustic microscopy. Laser & photonics reviews, 7(5), 
pp.758-778. 
152. Yao, J., Gilson, R.C., Maslov, K.I., Wang, L. and Wang, L.V., 2014. Calibration-free 
structured-illumination photoacoustic flowgraphy of transverse flow in scattering 
media. Journal of biomedical optics, 19(4), pp.046007-046007. 
153. Yao, J., Wang, L., Yang, J.M., Maslov, K.I., Wong, T.T., Li, L., Huang, C.H., Zou, J. and 
Wang, L.V., 2015. High-speed label-free functional photoacoustic microscopy of mouse brain 
in action. Nature methods, 12(5), pp.407-410. 
154. Yi, J., Chen, S., Backman, V. and Zhang, H.F., 2014. In vivo functional microangiography by 
visible-light optical coherence tomography. Biomedical optics express, 5(10), pp.3603-3612. 
155. Yousefi, S., Qin, J., Dziennis, S. and Wang, R.K., 2014. Assessment of microcirculation 
dynamics during cutaneous wound healing phases in vivo using optical 
microangiography. Journal of biomedical optics, 19(7), pp.076015-076015. 
156. Yücel, M.A., Selb, J., Boas, D.A., Cash, S.S. and Cooper, R.J., 2014. Reducing motion 
artifacts for long-term clinical NIRS monitoring using collodion-fixed prism-based optical 
fibers. Neuroimage, 85, pp.192-201. 
157. Yücel, M.A., Aasted, C.M., Petkov, M.P., Borsook, D., Boas, D.A. and Becerra, L., 2015. 
Specificity of Hemodynamic Brain Responses to Painful Stimuli: A functional near-infrared 
spectroscopy study. Scientific reports, 5. 
158. Yücel, M.A., Selb, J., Cooper, R.J. and Boas, D.A., 2014. Targeted principle component 
analysis: a new motion artifact correction approach for near-infrared spectroscopy. Journal of 
innovative optical health sciences, 7(02), p.1350066. 
159. Zhang, A., Zhang, Q. and Wang, R.K., 2015. Minimizing projection artifacts for accurate 
presentation of choroidal neovascularization in OCT micro-angiography. Biomedical optics 
express, 6(10), pp.4130-4143. 
160. Zhang, C., Maslov, K. and Wang, L.V., 2010. Subwavelength-resolution label-free 
photoacoustic microscopy of optical absorption in vivo. Optics letters, 35(19), pp.3195-3197. 
161. Zhang, J., Yang, S., Ji, X., Zhou, Q. and Xing, D., 2014. Characterization of lipid-rich aortic 
plaques by intravascular photoacoustic tomography: ex vivo and in vivo validation in a rabbit 
atherosclerosis model with histologic correlation. Journal of the American College of 
Cardiology, 64(4), pp.385-390. 
162. Zhang, R., Wang, L., Yao, J., Yeh, C.H. and Wang, L.V., 2014. In vivo optically encoded 
photoacoustic flowgraphy. Optics letters, 39(13), pp.3814-3817. 
163. Zhang, R., Yao, J., Maslov, K.I. and Wang, L.V., 2013. Structured-illumination photoacoustic 
Doppler flowmetry of axial flow in homogeneous scattering media. Applied physics 
letters, 103(9), p.094101. 
164. Zhi, Z., Chao, J.R., Wietecha, T., Hudkins, K.L., Alpers, C.E. and Wang, R.K., 2014. 
Noninvasive imaging of retinal morphology and microvasculature in obese mice using optical 
coherence tomography and optical microangiography. Investigative ophthalmology & visual 
science, 55(2), p.1024. 
165. Zhou, C., Yu, G., Furuya, D., Greenberg, J., Yodh, A. and Durduran, T., 2006. Diffuse optical 
correlation tomography of cerebral blood flow during cortical spreading depression in rat 
brain. Optics express, 14(3), pp.1125-1144. 
166. Zhu, T., Faulkner, S., Madaan, T., Bainbridge, A., Price, D., Thomas, D., Cady, E., Robertson, 
N., Golay, X. and Tachtsidis, I., 2012, April. Optimal wavelength combinations for resolving 
in-vivo changes of haemoglobin and cytochrome-c-oxidase concentrations with NIRS. 
In Biomedical Optics (pp. JM3A-6). Optical Society of America. 
 
 
 
